Abstract: A new methacrylate copolymer that includes chalcone as a side group, poly(4-methacryloyloxyphenyl-4'-methoxystyryl ketone-co-styrene) was synthesized by free radical copolymerization. FTIR and 1 H NMR spectroscopic techniques were used to characterize the homopolymers and copolymers. The copolymerizations were carried out to high conversions. Copolymer compositions were established by 1 H NMR spectra analysis. The monomer reactivity ratios for copolymer system were determined by the linearized Kelen Tüdös, and Extended Kelen Tüdös methods and a non-linear least squares method. The molecular weights and polydispersity index of copolymers were measured by using the gel permeation chromatography (GPC). The effect of copolymer compositions on their thermal behavior were studied by differential scanning calorimetry and thermogravimetric analysis methods. The optical properties of the resulting copolymer were also investigated.
Introduction
In polymer science, the polymers with a reactive functional group have been an active research area because they provide an approach to subsequent polymer modification for required applications. Functional groups give a special character to polymer structure as their properties are substantially different from the polymer chain backbone. [1] [2] [3] [4] Recently, many researches have been carried out upon synthesis and applications of polymers that bear photosensitive groups. [5] [6] [7] [8] The polymers that contain α, β-unsaturated carbonyl groups (also named chalcone groups) either in the backbone or in pendant position undergo a crosslinking upon irradiation with UV light. These polymers have been used as negative photoresists in printing technology, 9 macro and microlithography, 10 nonlinear optical materials, 11 holographic head-up display, 12 liquid crystals, 13 photocrosslinkable paints, 14 tissue engineering, 15 and biosensors. 16 UV radiation curing is a powerful tool in crosslinking heat sensitive polymers rapidly and modify these copolymers' physicochemical characteristics in illuminated areas.
17
The most important feature of methacrylate type monomers is their optical clarity. Due to their high light transmittance, and good mechanical and thermal resistance, they have a fairly wide area of usage. A substantial fraction of the methacrylate products are copolymers. [18] [19] [20] [21] Polystyrene (PSt) is one of the world's most widely used polymers. The copolymers of styrene with methacrylates are very important to industry applications such as paints, adhesives, and coatings. Even though there are many studies to determine the synthesis and reactivity rate of methacrylate copolymer that include chalcone-side chain with alkyl methacrylates in the literature 22, 23 all those studies have been conducted at a low conversion. There are no reports on methacrylate copolymer containing chalcone-side chain with styrene and no high conversion investigations † To whom correspondence should be addressed. E-mail: gbarim@gmail.com
폴리머, 제39권 제1호, 2015년
related to determining reactivity ratios of these systems. High conversion results are more beneficial for application because the industry always works at a high conversion ratio. Moreover, thermal stability in copolymer of methacrylate monomer including chalcone in the side-group with styrene monomer is more than the thermal stability of copolymers conducted with alkyl methacrylate. In this study, we reported the copolymer synthesis and characterization of 4-methacryloyloxyphenyl-4'-methoxystyryl ketone (MPMSK) with styrene (St) at a high conversion. Three different methods: Kelen-Tüdös (KT), 24 Extended Kelen-Tüdös (EKT), 25 and a nonlinear least squares (NLLS) 26 were used to calculate the monomer reactivity rate. The composition drift is included within the context in the EKT and the NLLS methods and those methods are suitable for high conversion experiments. The effect of MPMSK content upon the thermal and optical properties of resulting copolymers was also investigated.
Experimental
Materials. In accordance with the usual method, 4-hydroxyphenyl-4'-methoxystyryl ketone was prepared by reacting 4-hydroxyl acetophenone with 4-methoxybenzaldehyde in ethanol at 18-20 o 
C.
27 Styrene (St, Aldrich) was purified by washing with 5% sodium hydroxide solution for several times, and then it was also purified by distilled water. Finally, the washed St was dried over anhydrous sodium sulfate (Na 2 SO 4 ), and before use it was filtered and distilled under the reduced pressure. 2,2'-Azobisisobutyronitrile (AIBN) was recrystallized from chloroform-methanol mixture. The analytical grade commercial products are triethylamine, 1,4-dioxane, chloroform, tetrahydrofurane (THF) and ethanol (Merck) and those are used as received. Synthesis of 4-Methacryloyloxyphenyl-4'-Methoxystyryl Ketone (MPMSK). The 4-methacryloyloxyphenyl-4'-methoxystyryl ketone was prepared from reaction of 4-hydroxyphenyl-4'-methoxystyryl ketone with methacryloyl chloride in the presence of triethylamine in THF at -5 to 0 o C range following the procedure of Subramanian et al. 27 The monomer was characterized by FTIR and 1 H NMR spectra as follows: IR (cm Table 1 .
The structure of the homopolymer, poly(MPMSK) was characterized by FTIR and Characterization Techniques. The infrared spectra were recorded with a Perkin Elmer spectrum one FTIR system and recorded using universal ATR sampling accessory within the wavelengths of 4000-650 cm
H NMR spectra of copolymers were recorded in CDCl 3 on a 400 MHz Bruker AVIII 400 by using tetramethylsilane as an internal reference. Gel permeation chromatography (GPC) was performed to determine the average molecular weights and polydispersity index (PDI) of all polymers. Gel permeation chromatography analysis were carried out using a high pressure liquid chromatography pump with Agilent 1100 system equipped with a vacuum degasser, a refractive index detector. The eluting solvent was tetrahydrofurane, the flow rate was 1 mL/min. Calibration was achieved with polystyrene (PSt). The glass transition temperatures resulting from the polymers were measured with Shimadzu DSC-50 thermal analyzer under nitrogen atmosphere at a 10 o C/min heating rate. Thermal stabilities of the polymers were investigated on a Perkin Elmer TGA/DTA 7300 under N 2 flow with a heating rate of 20 o C/min. The optical measurements of the poly(MPMSK-co-St) synthesized were conducted on a Shimadzu UV-vis-NIR3600 spectrophotometer at room temperature.
Results and Discussion
Characterization of Copolymers. The FTIR spectra of the homo and copolymers are given in Figure 1 . The ester carbonyl stretching corresponds with the strong absorption band at 1745 cm -1
. The stronger peak at 1658 cm -1 and the weaker peak at 1627 cm -1 were attributed to the ketone carbonyl stretching. The aromatic C=C stretching is observed at 1595 cm
. The band at 1205 cm -1 is attributed to the C-O stretching of the ester group. The peak at 700 cm -1 represents aromatic C-H stretching vibration for the mono substitute benzene. Because of removal of conjugation in result of polymerization, the ester carbonyl stretching vibration in MPMSK changed from 1732 to 1745 cm -1 in the IR spectrum.
1
H NMR spectra of the homo and copolymers are given in Figure 2 . The chemical shift assignments for the copolymers have been based upon the chemical shifts which have been observed for respective homopolymers. The olefinic protons of the pendant chalcone moiety and the resonance signals of aromatic protons are 
The significant parameters of KT and EKT equations are presented in Tables 2 and 3 . The KT plot is given as Figure 3 . The KT coefficient α = 0.93 indicates that the experimental planning was good. The data lie on the straight line with very Figure 1 . IR spectra of homopolymer and copolymers. The KT method has the advantages that the data are uniformly distributed on the so called Kelen-Tüdös plot and the results do not depend on which monomer is labeled monomer (A) and which is labeled monomer (B). Its disadvantage is that it uses the initial ratio of the two monomers rather than the reaction weighted cumulative average. When one monomer enters the reaction faster and is depleted more rapidly than the other the feed composition continuously drifts during the reaction. The KT method fails to take into account this drift. Kelen and Tüdös later proposed an extended version of their method which takes the composition drift into account. The EKT plot is given as Figure 3 . The monomer reactivity ratios are found as; r a = 0.17 and r b = 0.22.
In the NLLS method used, the data is fitted to a numerical solution of the Mayo-Lewis copolymerization equation. Thus errors emanating from linearization are eliminated. For each r a , r b pair, the copolymerization eq. (1) is integrated numerically from initial monomer concentrations to final concentration of monomer (B). The squares of the differences of the final calculated value of the monomer (A) from its experimental value
are added for each experiment and the chi-square for that set of reactivity ratios are calculated. 
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Here, δA is the error bar for the relevant point. The procedure is than repeated for each pair of r a and r b in the scanning range. The map thus produced is used for the best parameter estimate and the confidence intervals. The resulting contour map is given as Figure 4 and monomer reactivity ratios are found as; r a = 0.19 and r b = 0.24.
Using three different methods to evaluate the monomer reactivity ratios ensures that no algorithmic errors are present. In addition, the differences of monomer reactivity ratios calculated by the three methods give an estimate on the dependence of the results on the method of evaluation and the weighting of data points by the three methods. The EKT and NLLS results are close to each other while the KT result is somewhat outlying. Since the original KT method does not take composition drift into account and as the conversions ranged up to 40% this is expected. Figure 5 shows the numerical integration of the copolymerization equation beginning from the experimental initial conditions for each experiment using the reactivity ratios given by the three calculation techniques. The three lines starting from each initial point are the numerical integration results and the squares are the experimental data. As the reactivity ratios found by the three methods are close, the curves are similar and although results differ from experiment to experiment, overall NLLS results give the best fit.
The results are summarized in Table 4 . As can be seen from the table EKT and NLLS results are nearly equal with KT results slightly higher. This is due to the composition drift. Both reactivity ratios are close to 0.2 which leads to mostly alternating copolymers.
Glass Transition Temperature. The glass transition temperatures (T g ) of all the polymers were determined by differential scanning calorimeter (DSC); and DSC thermograms of polymers are given in Figure 6 (a), and the T g values are given in Table 5 . Each copolymer observed has a single T g , which indicates that it is a homogeneous phase. The Figure 6(b) . These results clearly indicate that the T g values of the copolymers mainly depend on the composition of comonomers and the value increases with increase of molar fraction of MPMSK in the copolymer. The high T g value of poly(MPMSK) and its copolymers can be caused by the inflexible and bulky pendant chalcone units and the short methyl chains, and this facilitate the entanglement of chain.
Thermogravimetric Analysis. For investigating the decomposition characteristics of many materials, thermogravimetric analysis (TGA) has been used widely. 31, 32 The TGA curves of the homopolymer and copolymers were illustrated in Figure 7 . As clearly indicated by the thermograms, all polymers subject to a single decomposition stage. The thermal behavior of a polymer should be affected appreciably by the introduction of a comonomer in the polymer chain. Therefore, it is important to analyze the thermal behavior of the copolymers. If the temperatures corresponding to 50 wt% lost of the polymers were taken as a measure for their thermal stability, these temperatures would be 412 and 422 o C for poly (MPMSK0.50-co-St) and poly(MPMSK0.22-co-St), respectively. These values are valid for those of the homopolymers which are 402 and 428 o C for poly(MPMSK) and PSt, respectively. Thermal stability of the copolymers decreased with increasing MPMSK unit. The temperatures at which weight loss begins for the MPMSK-St copolymers are somewhat lower than that of PSt. Some degradation characteristics of the copolymers were presented in comparison with the characteristics of the homopolymers in Table 5 . 
The Optical Properties of the Poly(MPMSK-co-St). The film of the MPMSK-co-St synthesized coated on cleaned glasses at room temperature. The optical measurements of the MPMSK-co-St were measured to investigate its optical properties. The UV-vis absorption spectrum of the polymer showed two kinds of absorption bands as represented in Figure 8 . The first strong absorption band is observed at 250 nm and other weak shoulder band at 390 nm. The band at 250 nm is resulted from the glass substrate. This confirmed with UV-vis spectra of bare glass substrate without coating of film. The other band at 390 nm is observed due to the π-π* transitions of >C=C< of the pendant chalcone moiety.
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The transmittance spectrum of the poly(MPMSK-co-St) is shown in Figure 9 (a). As seen in Figure 9 (a), the transmittance spectra of the MPMSK-co-St film shows a sharp absorption edge in the wavelength range about 354-442 nm. In the visible region, the average transmittance of the MPMSK-co-St film was found to be 83.066%. As seen in Figure 9 (a), the first decrease of transmittance spectra of the poly(MPMSK-co-St) film starts at about 433 nm, therefore the band gap E g of the MPMSK-co-St is found to be 2.864 eV. To estimate the absorption band edge of the MPMSK-co-St film, the first derivative of the optical transmittance can be computed. The curve of dT/dλ vs. wavelength was plotted, as shown in Figure  9 (b). The maximum peak value of the poly(MPMSK-co-St) film was found to be 432 nm. This suggests that the absorption band edge of the poly(MPMSK-co-St) film is 2.871 eV.
The optical band gap of optical transitions can be obtained dependence of absorption coefficient (α) on photon energy. It is evaluated that the band structure of the solution obeys the rule of direct transition and in a direct band gap material; the absorption coefficient dependence on photon energy is analyzed by,
where A is a constant, hν is the photon energy, E g is the optical band and m is the parameter measuring type of band gaps. To determine the optical band gap of the MPMSK-co-St, the (αhν) 1/2 plot vs. the photon energy E of the MPMSK-co-St film is shown in Figure 10 . As seen in Figure 10 , there is a linear region for the indirect band gap of the MPMSK-co-St. By extrapolating the linear plot to (αhν)
=0 at the linear region, the indirect energy gap of the MPMSK-co-St was found to be 2.878 eV. These results suggest that the obtained indirect band gap (2.878 eV) of the MPMSK-co-St from the plot of (αhν) 
Conclusions
Copolymers of MPMSK and St having different composition were synthesized by free radical polymerization in solution using AIBN as the initiator. The composition of copolymers was determined by the use of 1 H NMR spectra. The monomer reactivity ratios of the copolymers were calculated through the use of linear and nonlinear methods and the ratios were compared. As proven by the results, both reactivity ratios are less than one, close to 0.2 which leads to mostly alternating copolymers and slight composition drift. According to the DSC measurements the T g of copolymers increased as the MPMSK content increased, as well. And, the thermal stability of the copolymers decreased as the MPMSK units in the copolymer increased. Depending on copolymer composition and thermal analysis results together it is possible to obtain copolymers with desired thermal properties. In the visible region, the average transmittance of the MPMSK-co-St film was found to be 83.066%. The obtained indirect band gap (2.878 eV) of the MPMSK-co-St from the plot of (αhν) 1/2 vs.
E of indirect band gap of the MPMSK-co-St is close to obtained value (2.864 eV) of the first decrease of transmittance spectra of the MPMSK-co-St and is close to value (2.871 eV) of the absorption band edge of the MPMSK-co-St.
